The presence of replication-competent adenovirus (RCA) subpopulations in adenoviral vector products raises a variety of safety issues for development of therapies based on gene therapy. To analyze the differing effects of adenoviral vector and RCA in vivo, we examined alterations in amino acids (AAs) using rat plasma following injection of β-galactosidase expressing recombinant adenovirus (designated rAdLacZ) or RCA. Plasma AAs were examined by gas chromatography-mass spectrometry. A total of 16 AAs were positively measured. In the rAdLacZ group compared to the control group, the level of aspartic acid was significantly increased (Student's t-test), while the level of glutamic acid was significantly reduced. Additionally, in the RCA group compared to the control group, the level of four AAs, valine, leucine, and isoleucine as branched-chain amino acids, and proline were significantly increased, whereas the levels of three AAs, glycine, threonine, and glutamic acid were significantly reduced. Altered plasma free AA metabolic patterns in rAdLacZ and RCA groups, compared with the control group, may explain the disturbance of AA metabolism related to viral infection.
Introduction
Replication-deficient adenoviral vectors have been widely used as gene delivery systems that should have the ability to transfer exogenous genes directly to a variety of mammalian cells and tissues for gene therapy. [1] [2] [3] [4] [5] [6] The adenovirus is particularly attractive as a vector since it can be produced in high titer [10 10 -10 11 plaque forming units (pfu)/mL] and generate highly purified recombinant virus, which efficiently infects target cells, and does not require host cell replication.
7 However, there have been a few critical evaluations on the safety of recombinant adenoviral vectors. [8] [9] [10] It is important to consider the consequences of recombinant adenovirus or RCA infection in vivo. In contrast to our knowledge, little is known regarding changes in metabolites by direct in vivo gene transfer using adenoviral vectors, including replicationcompetent adenovirus (RCA) for the safety of human gene therapy trials.
In our recent reports, altered metabolic patterns of free fatty acids (FFAs) 11 and polyamines (PAs) 12 as important biochemical indicators of pathological condition [13] [14] [15] [16] were studied in rat plasma after injection with two adenoviruses, β-galactosidase expressing recombinant adenovirus (rAdLacZ) and RCA. FFA levels in the plasma of rAdLacZ and RCA rats were significantly different compared with those of control rats. 11 The star patterns of the rAdLacZ and RCA groups were readily distinguishable from each other. In addition, altered PA levels were significantly different in t he two adenovirus infection groups compared with the normal group. 12 These results suggested that adenoviral infection may be monitored with metabolite as an abnormal state. Especially, endogenous metabolism of PAs are highly correlated with amino acids (AAs) metabolism, since PAs are synthesized biologically from AA, i.e., ornithine, methionine, arginine, lysine. And AAs are also well known as energy source by depletion of carbohydrate or fatty acid amounts. Therefore, we extended our study to the metabolic patterns of AAs.
The stimulation of innate immune response by adenoviruses can result in inflammation of non-targeted tissues following metabolic changes that modify protein and induce AAs. However, few studies have been investigated on the establishment of a system with which to monitor the effects of adenoviral infection on AA associated metabolic changes. Maranga et al. reported on the association of cellular metabolism with adenoviral in vitro. 17 They found that adenoviral infection induced a higher consumption of most essential AAs, including principal nutrients, i.e., glucose, and oxygen for viral propagation. This suggested that adenoviral infection may affect AA metabolism in vivo. However, the relation between viral infection and AA metabolism has not been studied. Adenoviruses and Viral Assay Methods. Two kinds of adenoviruses were used throughout this study, as described previously.
12 Briefly, the recombinant adenovirus, rAdLacZ, which expresses the Escherichia coli lacZ gene coding β-galactosidase, and RCA (adenovirus type 5) were obtained from the American Type Culture Collection (ATCC VR-1516). The infection titer of RCA on HEK 293 cells was 7 × 10 10 NAS Infection Units (NIU)/mL as a reference, and the frozen stock was confirmed to have retained its titer. rAdLacZ was purified using an Adeno-XIM Virus Purification Kit (BD Biosciences), and then concentrated using Centricon TM-50 centrifugal filter units (Millipore, Billerica, MA, USA) and titrated in HEK 293 cells using an Adeno-XTM Rapid Titer Kit (BD Biosciences) according to supplier instructions.
Polymerase Chain Reaction (PCR). Adenoviral genomic DNA samples were extracted from purified rAdLacZ and RCA following addition of proteinase K, phenol-chloroform extraction, and ethanol precipitation. To detect contamination of RCA in rAdLacZ by PCR, the following E1 specific primer pair was used: 5'-TCCGGTCCTTCTAACACA-3' and 5'-CAGGCTCGTTAAGCAAGT-3'. PCR was carried out with an initial denaturation step at 94 o C for 5 min. All amplified DNA samples were analyzed by gel electrophoresis in 1% agarose gel in tris-acetate-ethylenediaminetetra-acetate (TAE) buffer, and DNA fragments were visualized by ethidium bromide staining. Las-1000 was used for detection of DNA bands, with Las-1000Plus software (Fujifilm).
Animal Studies and Plasma Specimens. This study was approved by the Institutional Animal Care and Use Committee (AMC-17). Sprague-Dawley rats (250-300 g) were used in this study and two types of adenovirus were used: rAdLacZ, which expresses the Escherichia coli lacZ gene coding b-galactosidase, and RCA (adenovirus type 5) were obtained from the American Type Culture Collection (ATCC VR-1516), as in a previous report.
12 Briefly, prior to viral injection, animals were anesthetized by chloral hydrate solution (Fluka) and infected with 0.1 mL total volume of phosphate-buffered saline (PBS) diluted to contain 1 × 10 10 pfu into a tail vein. Plasma samples were collected from three normal control rats, four rats infected with rAdLacZ virus, and three rats infected with RCA virus at 72 h after injection. All samples were immediately stored at -70 o C until analysis. In order to exclude variation in diet, since dietary supplementation is associated with the level of AAs in plasma, we used control rats that were supplied the same food. Sample preparation for AAs in rat plasma, AAs were converted into their ethoxycarbonyl (EOC)/tert-butyldimethylsilyl (TBDMS) derivatives, as in our previous reports. 18 Briefly, the IS stock solution, prepared by dissolving at 10.0 µg/µL in methanol, was used to make an IS working solution of 0.05 µg/µL in methanol. Mixed calibration samples were prepared at five concentrations ranging from 0.05 to 5.0 µg/mL by mixing appropriate aliquots of each working solution. All standard solutions were stored at 4 o C until analysis. Sample Preparation for AAs in Rat Plasma. AAs were converted into their EOC)/TBDMS derivatives following a previous method.
18 Briefly, 0.5 mL of acetonitrile to remove protein was added to 0.1 mL of rat plasma (three normal, four rAdLacZ, and three RCA samples) containing 0.5 μg of IS. The mixture was diluted with 0.5 mL of distilled water and centrifuged (15,000 rpm, 15 min), and the supernatant layer was adjusted to a pH of 12 with 5.0 M NaOH. A twophase EOC reaction was then performed in one step by vortex-mixing (5 min) an aqueous phase with ECF (20 μL) present in the dichloromethane phase (1.0 mL).
The reaction mixture was acidified (pH ≤ 2.0) using concentrated sulfuric acid. Then it was extracted with diethyl ether (3.0 mL) and ethyl acetate (2.0 mL) sequentially, and the combined extracts were evaporated to dryness under a gentle nitrogen stream (40°C). The residue was reacted (60°C for 30 min) with MTBSTFA (20 μL) in toluene (20 μL) for GC-MS analysis in selected ion monitoring (SIM).
Gas Chromatography-Mass Spectrometry. GC-MS analyses in both scan and SIM modes were performed using an Agilent 6890 gas chromatograph, interfaced with an Agilent 5975B mass-selective detector (70 eV, electron impact mode) installed with an Ultra-2 (5% phenyl-95% methylpolysiloxane bonded phase; 25 m × 0.20 mm i.d., 0.11 μm film thickness) cross-linked capillary column (Agilent Technologies), as in our previous reports. normal, rAdLacZ, and RCA plasma samples was determined based on calibration curves. The AA levels in each sample were normalized to the corresponding mean in the control group. Subsequently, each normalized value was plotted as a line radiating from a common central point, and the far ends of the lines were joined together to produce star patterns using MS Excel, as described elsewhere.
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Results and Discussions Detection of RCA in Adenoviral Products. To investigate contamination of RCA in rAdLacZ, PCR was performed using E1 specific primer. A 170-bp DNA fragment spanning portions of the E1 region were detected in 293 cells and RCA, but not in rAdLacZ (Fig. 1) . In addition, to exclude the possibility of the presence of 293 cell-derived E1 DNA in adenovirus products, we investigated a 286-bp DNA fragment of 293 cell-derived PSG genes. PSG DNA was only detected in 293 cells (Fig. 1) . These findings suggest that there is no RCA contamination in purified rAdLacZ. We also performed a cytopathic effect (CPE) assay using A549 cells (human alveolar basal epithelial cells) and confirmed that there was no contamination in rAdLacZ products (data not shown), this result was consistent with our previous report.
11 For evidence of adenovirus mediated gene transfer, we checked the expression of β-gal at 72 h after exposure to rAdLacZ. Liver tissues were fixed and stained with the β-gal substrate, X-gal (5-bromo-4-chloro-3-indolyl-β-D-galactoside) because this virus has liver tropism leading to extensive hepatocellular transduction. 21 Three days after injection, we analyzed reporter gene expression with liver pieces of rAdLacZ-infected rats. Blue staining was observed in rAdLacZ infected rats, but not in control (Fig. 2) .
Plasma AA Levels in Adenovirus Infection Groups and Star Pattern Recognition. To analyze AA variation in adenovirus infected rats, we injected approximately 1 × 10 10 pfu of rAdLacZ and RCA to rats through a tail vein. Rats were sacrificed and individual plasma was collected for determination of AAs in three days following injection.
SIM chromatograms of AAs in rat plasma samples from control ( Fig. 3(a) ) rAdLacZ ( Fig. 3(b) ) and RCA (Fig. 3(c) ) groups were shown in Figure 3 . In all plasma samples, 16 AAs were simultaneously screened in a single run.
Alterations in 16 AA levels from 10 rat plasma samples were observed, with large variations within each group (Table 1) . According to the Student's t-tests, in the rAdLacZ group, compared with the normal group, the level of aspartic acid (P < 0.009) was significantly elevated, whereas glycine (P < 0.001), valine (P < 0.03), threonine (P < 0.002), serine (P < 0.04), hydroxyproline (P < 0.05), glutamic acid (P < 0.001), ornithine (P < 0.04), and glutamine (P < 0.04) were significantly decreased.
In the RCA group, compared with the normal group, levels of the following four AAs, valine (P < 0.01), leucine (P < 0.005), and isoleucine (P < 0.01) as branched-chain amino acids (BCAAs), and proline (P < 0.004) were significantly elevated, while glycine (P < 0.001), threonine (P < 0.03), and glutamic acid (P < 0.005) were significantly reduced. These findings may explain the abnormal state of the adenovirus infected groups compared with the normal group. The rAdLacZ group, as compared with the RCA group, showed significantly different levels of the nine AAs, including glycine.
In this result, AA metabolism in normal and adenoviral infection groups showed significantly different patterns. This finding may explain for abnormal states, physiological events and synthesis of different proteins. Especially, altered AA metabolism of two adenoviral infection groups may explain for different infection types.
When AA levels from plasma samples of the rAdLacZ and RCA infection groups were normalized to corresponding control mean values, they were more informative by expressing elevation or depletion of AA levels in multiples (ranging from 0.49 to 1.48) of the control mean values (Table  1) . When these normalized values were used as variables to draw star graphs that were hexadecagonal in shape and composed of 16 rays, differences in mean values among the control, rAdLacZ, and RCA groups were expressed as visual star patterns (Fig. 2) .
In the star patterns of the two adenovirus infected groups, the aspartic acid level (ray 11) was higher in the rAdLacZ group (Fig. 4(a) ), while the levels of valine (ray 3), leucine (ray 4), and isoleucine (ray 5), as BCAAs, and aspartic acid (ray 11) in the RCA group (Fig. 4(b) ) were higher than those of the control group. However, the overall star patterns of other AAs including glutamic acid (ray 13) in both the rAdLacZ and RCA were smaller than those of the control group. As we expected, the size of RCA group was larger than that of the rAdLacZ group (Fig. 4(c) ). This finding proves that RCA may lead to a remarkable metabolic confusion of AAs, including BCAAs, as compared with rAdLacZ, and glutamic acid was reduced more than 25% in the rAdLacZ (Fig. 4(a) ) and RCA (Fig. 4(b) ) groups, as compared with the normal group, whereas aspartic acid was elevated more than 22% in both the rAdLacZ and RCA groups. This is the first demonstration for altered plasma free AA patterns in rAdLacZ and RCA groups as compare with the normal group.
In addition, the star patterns of the two infection groups were readily distinguishable and characteristic of each group.
As we hypothesized, the pattern of the RCA group was not similar to that of rAdLacZ in the star symbol plots (Fig. 4) , and the BCAA level in the RCA group was larger than that of the rAdLacZ group. This may explain why RCA showed more distorted hexadecagonal forms for infected groups, as compared with the patterns of the rAdLacZ group, since the direct toxicity of RCA is able to cause replication, spreading, and transmission and can also induce inflammation by activation of inflammatory gene expression in the host.
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As shown in Table 1 and star symbol plots (Fig. 4) , alteration of BCAAs between rAdLacZ and RCA infection groups was also observed. This result suggests that RCA can be a stimulation effecter of the immune system and a disturbance factor in immune metabolism by elevation of BCAA levels, Figure 3 . SIM chromatograms of amino acids in rat plasma from control (a), rAdLacZ (b) and RCA groups (c). 1, alanine; 2, glycine; 3, valine; 4, leucine; 5, isoleucine; 6, threonine as mono-EOC/mono-TBDMS derivatives; 7, serine as mono-EOC/mono-TBDMS derivatives; 8, proline; 9, pipecolic acid; 7', serine as mono-EOC/di-TBDMS derivatives; 6', threonine as mono-EOC/di-TBDMS derivatives; 10, phenylalanine; 11, aspartic acid; 12, hydroxyproline; 13, glutamic acid; 14, ornithine; 15, glutamine; 16, tyrosine. IS, 3,4-dimethoxybenzoic acid.
and RCA has direct toxicity in vivo compared with rAdLacZ.
Resulting hexadecagonal star patterns between the rAdLacZ and RCA groups were deformed and characteristic of each group (Fig. 4(c) ). Generally, the aspartic acid and glutamic acid could be the result of transamination by aspartate aminotransferase (AspAT), which is known as a pyridoxal-5'-phosphate (PLP) dependent enzyme that catalyzes reversible transamination between the C4 and C5 dicarboxylic substrates. 24, 25 Thus, this result may explain for metabolic disturbance from transamination by AspAT. And the star symbol plotting method may be a useful application for visual monitoring and screening of adenoviral infection states.
In addition, adenoviral infection induces a host cell response by post-translational modification of cellular proteins. [26] [27] [28] In particular, arginine methylation during viral infection is apparently related with transcriptional regulation, protein localization, signal transduction, and protein-protein interactions that change gene expression. More in depth modified AA studies are needed to monitor modified metabolic changes, e.g., methylated AAs of adenovirus introduction in vivo due to the importance of their safe use.
The present method is expected to be useful for visual monitoring of AAs as biochemical indicators for infection with adenoviral vector or RCA, which is an important issue for successful treatment in adenoviral vector-based gene therapy. Thus, the present methods may be useful for understanding changes in AAs caused by infection with recombinant adenovirus or RCA and for reducing a variety of safety RCA. * P < 0.05, ** P < 0.01, *** P < 0.001; Student's t-test at 95% confidence level. Numbers on the rays correspond to those in Table 1 . issues in human gene therapy trials.
Conclusion
Changes in plasma free AA patterns in rAdLacZ and RCA groups, compared with the control group, may explain viral infection-related alterations in AA metabolism. In addition, the star patterns of the two infection groups were readily distinguishable and characteristic of each group; the star symbol plotting method may be a useful application for visual monitoring and screening of adenoviral infection states.
